Nicotine significantly promoted apoptosis in stages I, VII, VIII, and XI spermatogonia, stages I, VII, VIII, X, and XI spermatocytes, and stages I-V, VII, and VIII elongating spermatids. To explore the underlying molecular mechanisms, sperm mRNA next-generation sequencing of nicotine-treated mice was conducted. Out of the 86 genes related to apoptosis, Tnf (tumor necrosis factor alpha) was screened to be the most significant varied transcript, and the Onto-pathway analysis indicated that the TNF apoptotic pathway was especially activated by nicotine exposure. The TNF pathway was further studied at the gene and protein levels. The results showed that RIP1, the key component in the TNF apoptotic pathway, was up-expressed in its deubiquitinated form in nicotine-treated mice testis. TRIM27, an E3 ubiquitin ligase that activated TNF apoptotic pathway through up-regulating deubiquitinated RIP1, was also overexpressed in nicotine-treated spermatocytes; moreover, four consecutive CpG sites near the Trim27 transcription start site were less frequently methylated. Finally, in vitro experiments of Trim27 overexpression and RNA interference in GC-1 spermatogonial cells confirmed that the RIP1 deubiquitination and TRIM27 hyopmethylation were both positively correlated with spermatocyte apoptosis. In summary, our study suggests that nicotine may induce murine spermatozoal apoptosis via the TNF apoptotic pathway through up-regulation of deubiquitinated RIP1 by Trim27 promoter hypomethylation.
INTRODUCTION
Tobacco smoking is of concern worldwide because substantial mortality and morbidity are ascribed to tobacco smoking [1] [2] [3] . Nicotine, one of the most important hazardous substrates in cigarette smoke, is responsible for many tobaccoinduced diseases and defects [4] [5] [6] [7] . Apart from damage to the digestive and cardiovascular system through the sympathetic nervous system [4, 5] , nicotine is reported to directly impair male fertility [6, 7] . Most studies reported reductions in the conventional parameters of semen in smoking populations, including semen volume and sperm density, normal morphology, viability, and motility [8] [9] [10] [11] . Studies in vitro indicated that a low concentration ( 1 mM) of nicotine or its metabolite cotinine was harmful to sperm motility [12] , while a higher level (!1 mM) significantly decreased sperm viability characteristics and motion parameters [13] .
Apoptotic cell death plays an important role in the generation of spermatozoa from spermatogonia and occurs during multiple phases of spermatogenesis [14] . Apoptosis in gonocytes maintains the optimal ratio between germ cells and Sertoli cells, which ensures that spermatogenesis proceeds properly [15] . Later in life, apoptosis is involved in the removal of endogenously or exogenously damaged germ cells [16] . High levels of DNA fragmentation, a mark of apoptosis, are observed in human spermatozoa [17] . Apoptosis in spermatozoa may be a mechanism for functionally deleting damaged germ cells or may act as a type of regulated senescence that permits rapid and efficient removal of the cells from the male and female reproductive tracts once viability is lost [14] . However, inappropriate apoptosis in male germ cells is connected to male reproduction disorders such as oligospermia [14] and may even be harmful to the well-being of the offspring [18] . Apoptosis in spermatozoa induces motility loss, but the cells' competence for fertilization may not be completely eliminated because the apoptotic DNA cleavage process is inefficient in spermatozoa due to the physical architecture of the cell and the condensed nature of chromatin [19] . Spermatozoa itself lacks any capacity for DNA repair, and once fertilization occurs with such apoptosis-mediated DNA damage, a mutation may be created, which then adds to the mutational load carried by future generations [18] .
Many studies imply that nicotine can induce abnormal apoptosis in spermatozoa [7, 20, 21] . Some apoptosis markers in spermatozoa from infertile men were positively correlated with the mean number of cigarettes smoked daily [7] . An increased percentage of apoptotic spermatozoa in ejaculates of smokers were also observed [20] . The effect of nicotine on apoptosis in spermatozoa has also been assessed in animal studies in vivo. Condorelli et al. [21] reported that a high concentration of nicotine (100 ng/ml), which was close to the concentration in the seminal plasma of smokers (70 ng/ml), could promote spermatozoal apoptosis with altered chromatin compactness or DNA fragmentation. Nevertheless, the molecular mechanisms underlying nicotine-induced abnormal spermatozoal apoptosis remains unclear.
Ubiquitination, which involves the attachment of ubiquitin to a target protein, is a posttranslational modification of proteins. Functional spermatogenesis is dependent on ubiquitin-regulated protein stability and function [22] because whole body tissue analysis of the rat revealed that the testis had the highest rate of ubiquitination, about 4-fold greater, than all the organs checked [23] . The ubiquitination of proteins arises through the hierarchal transfer of ubiquitin from an E1 ubiquitin-activating enzyme to an E2 ubiquitin-conjugating enzyme, and finally to an E3 ubiquitin ligase, which is usually regarded as the most important enzyme because E3 specifically recognizes the target protein [24] . There are seven lysine residues in ubiquitin that can be used to connect to target protein as well as to form ubiquitin chains, and the most common and well-studied linkages utilize lysine 63 (K63) and lysine 48 (K48) of ubiquitin [24] . An ubiquitin chain using K63 usually leads to the assembly of signaling complexes to target protein, while an ubiquitin chain using K48 typically directs the protein to the 26S proteasome for degradation [25] . So far, there are few reports about nicotine-related ubiquitinated modification of proteins in male germ line, which we think is an interesting concern.
Epigenetic variations, particularly DNA methylation, are an important source of regulation in the genome [26, 27] . As suggested by global methylation or candidate gene promoter studies, alterations in DNA methylation are one possible mechanism in mediating smoking-related phenomenon such as lung cancer and prostate carcinoma [28, 29] . Nicotine alters the methylation status of certain genes in smokers and results in changes in the expression level of such genes. For instance, nicotine can up-regulate the expression level of glutamic acid decarboxylase 67 (GAD 67 ) through decreasing GAD 67 promoter methylation in GABAergic interneurons [30] . In this study, we probed the linkage between aberrant male germ cells apoptosis and protein ubiquitination alternations under nicotine exposure as well as the changes in DNA methylation involved in this process.
MATERIALS AND METHODS

Animals and Nicotine Treatments
Forty 6-wk-old male C57BL/6J mice (provided by the Shanghai SLAC Laboratory Animal Co. Ltd.) were randomly assigned into nicotine-treated (NT) and control (CT) groups consisting of 20 mice each. In the NT group, a dose of 0.2 mg/100 g/day free nicotine base was intraperitoneally injected, which imitated the blood plasma levels of nicotine in heavy smokers [31, 32] . The CT group received a daily equivalent dose of saline. The treatment lasted for 5 wk because spermatogenesis duration is 35 days in mice [14] .
Ethical Approval
The mice were raised in an environment in accordance with the Guide for the Care and Use of Laboratory Animals. The use of these animals was approved by the Bioethics Committee of the School of Life Science and Biotechnology, Shanghai Jiao Tong University (Approval No. 2011-018).
Sample Collection
The mice were killed by cervical dislocation. The testes samples were collected after PBS perfusion. To prepare the testes sample for slicing, the mice were anesthetized by 300 ll of 1% sodium pentobarbital by intraperitoneal injection and perfused through the heart with 4% paraformaldehyde (PFA). After all the blood was replaced by PFA solution, the testes were removed and fixed in 4% PFA. The PFA-fixed testes were steeped sequentially in 50%, 75%, 85%, 95%, and 100% ethanol for 24 h each and embedded in paraffin. The 5 lm paraffin sections were then cut and mounted onto poly-lysine-coated slides.
The cauda epididymis was carefully isolated. The spermatozoa were forced out after cutting a nick in the cauda epididymis. The purification of isolated spermatozoa was carried out as described before [33] . The purified mouse sperm for RNA extraction were suspended in TRIzol reagent (Life Technologies). The total RNAs were extracted according to the instructions, including DNase treatment.
DNA Ladder Analysis
After PBS perfusion, the testes sample was lysed in 10 mM Trizma base, 10 mM ethylenediaminetetraacetic acid, 0.5% SDS, and 0.5 lg/ml proteinase K at 568C overnight. Proteinase-K was then deactivated by heating at 758C for 15 min followed by addition of RNase-A (0.5 lg/ml) at 378C for 2 h. DNA was then isolated through the phenol-chloroform-isoamyl alcohol method, and DNA was dissolved in 30 ll 10 mM Tris and 1 mM ethylenediaminetetraacetic acid. The total DNA solution was loaded on 2% agarose gel.
Terminal Deoxynucleotidyl Transferase-Mediated dUTPBiotin Nick End Labeling Assay and Apoptosis Ratio Calculation
Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling assay (TUNEL) was performed to observe the apoptotic cells in situ. An in situ cell apoptosis detection kit III (Merck Millipore) was used. After digestion with proteinase K, digoxin deoxyuridine triphosphate nucleotides (DIG-dUTP) and the terminal deoxynucleotidyltransferase (TdT) were added to the sections to bind the 3 0 -hydroxyl termini of double-and single-stranded DNA. The sections were then blocked with the blocking reagent. After incubating with mouse 50 ll anti-DIG-biotin (1:100 diluted in antibody dilution), sections were incubated with 50 ll Cy3-conjugated goat anti-mouse immunoglobulin G (IgG) (SA00009-1; Proteintech Group, 1:100 diluted in TBS). In experiments using the testes slices, slices were then incubated with 20 ll fluorescein isothiocyanateconjugated peanut agglutinin (PNA-FITC, 1:100 diluted in TBS; Sigma) before being mounted with 4 0 ,6-diamidino-2-phenylindole (DAPI). Fluorescence images were recorded with a Leica DM2500 fluorescence microscope.
Apoptotic cells were quantified from the DAPI/PNA/TUNEL-stained paraffin sections by counting the apoptotic cells in the seminiferous tubule cross section. The stages of the seminiferous epithelium (I-XII) and the cell types were identified in the sections stained by DAPI/PNA as per the standards described by Russell et al. [34] . Fifty seminiferous tubule cross sections were analyzed from each slice, and the corresponding stages of seminiferous epithelial cycle were registered. Three slices, each from a different animal, were counted per treatment.
With the cell samples, cells in the image were counted. Twenty images from each group were counted for calculation. The apoptosis ratio was calculated as follows: (the number of apoptosis cells)/(the number of total stained cells).
Transmission Electron Microscopic Analysis
Testis tissue was cut into small 2 mm 3 2 mm3 2 mm pieces, and fixed in 2.5% glutaraldehyde for 2 h at 48C. After being washed with 100 mM phosphate, pH 7.2, the pieces were fixed in 1% osmium tetroxide for 2 h and washed. They were then dehydrated in graded acetone solutions, embedded in resin, and cut into ultrathin sections. The grids were then stained with 3% uranyl acetate and lead citrate. After being washed with water, they were allowed to air dry before examination. The sections were viewed and photographed using an 80-kV transmission electron microscope (TEM) (Hitachi High-Technologies Corporation).
RNA Sequencing and Bioinformatics Analysis
Approximately 20 lg purified sperm RNA was used for next-generation sequencing (NGS). The purity of sperm RNA was checked by RT-PCR before sequencing to ensure the elimination of germ cells, blood cells, and reproductive system tissue fragments using the markers c-Kit, Cd45, and Ecadherin, respectively (for the identity of the primers, see Supplemental Table  S1 ; Supplemental Data are available online at www.biolreprod.org). The samples were reverse transcribed with random primers, after which they were segmented and added with the adapters. The TruSeqTM DNA Sample Prep Kit-Set A (Illumina) was used to construct the library, and the samples were sequenced with an Illumina GAIIx Genome Analyzer with 100 cycles and paired-end sequencing. The clean reads were obtained from the raw data using a fastx package by leaching out reads containing more than 5% unknown nucleotides and low-quality reads. After the reads, TopHat was used, and junction reads were mapped to the reference sequence. Table S1 ) were designed via Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and synthesized by Invitrogen. The results of RT-PCR were visualized on an ethidium bromide-stained agarose gel. In real-time PCR, the transcript levels of the target genes were normalized against the inner reference gene U6. The relative quantifications were performed using the 2 ÀD(DCt) method where relative quantifications or the fold change is equal to 2
.
Western Blot Analysis
Purified protein samples were subjected to SDS-polyacrylamide gel electrophoresis. After electrophoresis, the separated proteins were transferred onto polyvinylidene fluoride membranes. The polyvinylidene fluoride membranes were then blocked with 5% skimmed milk in 100 mM Tris, pH 7.4, X mM NaCl, and 0.1% Tween-20 for 1 h at 378C, followed by incubation with primary antibodies (1:1000 diluted) in the 100 mM Tris, pH 7.4, 135 mM NaCl, and 0.1% Tween-20 for 1 h at 378C or 48C overnight. After rinsing, the membranes were incubated with secondary antibody, goat anti-rabbit IgGhorseradish peroxidase (HRP) (HSA0004; Maibio, 1:20000) or goat anti-mouse IgG (SA00001-1; Proteintech Group, 1:20000), for 1 h at 378C. The Millipore Immobilon Western Chemiluminescent HRP Substrate was used to detect HRP. The final blot was exposed to x-ray film. The bands were scanned and equilibrated to the protein concentration in the samples. The expression levels of target genes were normalized against the internal control (GAPDH/b-actin/ lamin B1). The primary antibodies used for Western blots were as follows: GAPDH rabbit monoclonal antibody (mAb) (2118S; Cell Signaling Technology), beta actin polyclonal antibody (PolyAb) (20536-1-AP; Proteintech Group), lamin B1 mAb (66095-1-AP; Proteintech Group), anti-green fluorescent protein (GFP) (11814460001; Roche), A20 PolyAb (23456-1-AP; Proteintech Group), cIAP1 PolyAb (10022-1-AP; Proteintech Group), TRIM27 PolyAb (12205-1-AP; Proteintech Group), USP7 PolyAb (ARP59057-P050; Aviva Systems Biology), TNF-alpha PolyAb (17590-1-AP; Proteintech Group), TNFR1 PolyAb (21574-1-AP; Proteintech Group), RIPK1-specific PolyAb (17519-1-AP; Proteintech Group), caspase-8 PolyAb (13423-1-AP; Proteintech Group), and caspase-3 PolyAb (19677-1-AP; Proteintech Group).
Plasmid Construction
To generate the pEGFP-N1-TRIM27 plasmid, the Trim27 coding sequence was amplified by PCR and inserted into the Xho I and Hind III sites in the pEGFP-N1 vector (Clontech). The mice testicular cDNA was used as the template with the following primers: sense, 5
0 -CCGCTCGA GATGGCCTCCGGGAGCGTGG-3 0 ; antisense, 5 0 -CCCAAGCTTCGGA GAGGTCTCCATGGAATG-3 0 . The PCR fragment was confirmed by direct sequencing.
RNA Interference Experiments
The small interfering RNA (siRNA) sequences used in this study (synthesized by GenePharma) were as follows: TRIM27-1578: sense,
Cell Line Culture, Treatments, and Transfection
The GC-1 spermatogonial (spg) cells were cultured in Dulbecco-modified Eagle medium (Gibco), supplemented with 10% fetal bovine serum, 50 IU/ml streptomycin, and 50 IU/ml penicillin under 5% CO 2 at 378C. The cells were cultured to about 70% coverage, and 5-aza-2 0 -deoxycytidine (5-aza-2 0 -DC) (A3656; Sigma) was then added to the culture medium to a final concentration of 0, 0.5, 1, or 2 lM. After 48 h the cells were harvested, and the total mRNA, genomic DNA and protein were obtained with TRIzol reagent.
The cells were seeded on six-well dishes to be detected using TUNEL on coverslips in the six-well dishes. Transfection, with pEGFP-N1 plasmid, pEGFP-N1-TRIM27 plasmid, TRIM27-1578 (siRNA), and siRNA-negative control, using Lipo-2000 was conducted according to the standard protocols. The culture medium was replaced 6 h later. After 48 h, the cells in the six-well dishes were harvested, and the total mRNA, genomic DNA, and protein were obtained using TRIzol reagent; the cells on coverslips were fixed with 4% PFA and subjected to TUNEL assay.
Bisulfite Sequencing and Methylation-Specific PCR
Purified genomic DNA (1 lg) were treated with the Methylamp DNA Modification Kit (Epigentek). The eluted DNA (2 ll) was PCR amplified with Trim27-specific bisulfite sequencing PCR (BSP) primers (Trim27-BSP-S: 5 0 -TGAGGAAGTGAGATATTGGGTATTT-3 0 ; and Trim27-BSP-A: 5 0 -CAT CAACAACTTTTCTCAAAAACAA-3 0 ). The PCR product (266 bp) was restored and cloned into the pEASY-T5 vector (TaKaRa). After transformation to competent bacteria, 20 clones from the two groups were sequenced. The BiQ analyzer (http://biq-analyzer.bioinf.mpi-inf.mpg.de/) was used to analyze the sequencing results.
Genomic DNA of cells treated with 5-aza-2 0 -DC was treated with sodium bisulfite and eluted. Two microliters of treated DNA was amplified with two sets of methylation-specific PCR (MSP) primers (Trim27-M-F: 5 0 -GGTGGGGTGGTTTTTTAGTAAC-3 0 and Trim27-M-R: 5 0 -AACTTTTCT CAAAAACAAAAACGAA-3 0 ; Trim27-U-F: 5 0 -GTGGGGTGGTTTTTTAG TAATG-3 0 and Trim27-U-R: 5 0 -TTTTCTCAAAAACAAAAACAAA-3 0 ). The forward primer contains the second and third CpG sites. The reverse primer contains the 11th CpG site.
To ensure more specific PCR products in BSP and MSP, a touch-down PCR method with an annealing temperature from 588C to 538C and EX-Taq HS (TaKaRa) were used. The PCR products were resolved by 2% agarose gel electrophoresis.
Immunofluorescence
The slices of testes from two groups were baked and deparaffinized followed by rehydration. After washing with flowing water, 0.01 M citrate buffer (pH 6.0) was used for antigen retrieval in a pressure cooker. The sections were cooled down in citrate buffer and then treated with 1% Triton X-100 for 15 min, after which they were incubated with 5% BSA for 30 min. After 
a All were spanning intron primers.
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rinsing, these sections were incubated with rabbit anti-Trim27 PolyAb (12205-1-AP; Proteintech Group, 1:500) and mouse anti-lamin B1 mAb (66095-1-AP; Proteintech Group, 1:500) at 48C overnight. The sections were washed and incubated with Cy3-conjugated goat anti-rabbit IgG (SA00009-2; Proteintech Group, 1:100) and FITC-conjugated goat anti-mouse IgG (SA00003-1; Proteintech Group, 1:100) at 378C for 1 h. Finally, the sections were mounted with DAPI-mounting medium after washing. The images were obtained using a fluorescence microscope (DM2500; Leica).
Statistical Analyses
All the statistics were calculated using SPSS version 19. The independent experiments were performed at least three times, and Student t-test was used to compare the results between the two groups followed by Fisher t-test for multiple comparisons. The data are presented as the mean 6 SD. *P , 0.05 and **P , 0.01 were considered statistically significant.
RESULTS
Nicotine-Promoted Apoptosis Mainly in Elongating Spermatids
Nicotine is reported to induce abnormal apoptosis in male germ cells. To investigate the effect, DNA ladder analysis (Fig.  1A ) was conducted to check the apoptosis levels in mice testes from CT and NT groups. As seen, two bands (the bands between 100 and 200 bp and between 300 and 400 bp) that indicated the monomer and dimer form of nucleosome could be clearly seen and the NT group was obviously brighter than CT group. The result revealed that nicotine could promote apoptosis in mice testes. To further make clear the specific types of cells that were involved, TUNEL was carried out to detect the apoptotic cells in the testes slices (Fig. 1B) . Images showed that apoptosis mainly took place in elongating spermatid, and little occurred in spermatogonia and spermatocyte. Nearly no apoptosis was observed in round spermatid. (Fig. 1F) . Vacuoles in the nuclear and uneven shading of the nuclear were observed in apoptotic elongating spermatids (image on the right, from NT) compared to normal ones (image on the left, from CT), which indicated that the nuclei of the apoptotic elongating spermatids were fractured. Besides, the expression of sperm cleaved-caspase3, the executor of apoptosis, was detected by Western blot analysis (Fig. 1G) , and a significant elevation in the expression level of cleavedcaspase3 (NT/CT ¼ 1.42-fold, P ¼ 0.001, Fig. 1H ) was observed with nicotine treatment. The results above demonstrated that nicotine significantly promoted apoptosis levels in mice elongating spermatids.
Nicotine Extremely Varied TNF mRNA in Sperm
To explore the molecular mechanisms of excessive apoptosis in spermatozoa by nicotine exposure, the gene transcription profiles of the sperm from the CT and NT mice were acquired by NGS. Before sequencing, the purity check of sperm RNA was conducted by RT-PCR, and the result indicated that all the contaminants were eliminated (Supplemental Fig. S1 ). The reads of NGS data were mapped, and the reliability of the RNA-Seq data was verified by real-time PCR, in which nine transcripts (e.g., lcn8, cyth4) were randomly selected. The verification exhibited no significant differences between real-time PCR and RNA-Seq (Supplemental Fig. S2 ), so the NGS results were reliable. Figure 2A displays a heat map reflecting differentially expressed genes related to apoptosis due to nicotine treatment. From left to right, 86 genes were sorted from the most down-regulated transcripts to the most up-regulated ones out of which 13 genes were downregulated (NT/CT ¼ 0.5-fold, P , 0.05), 39 genes were upregulated (NT/CT ¼ !2-fold, P , 0.05), and no significant differences were observed as to the other 34 genes (Fig. 2A) . Finally, we found that Tnf (tumor necrosis factor alpha) was the most significant varied transcript. Further Onto-pathway analysis also uncovered TNF-signaling pathway involved in nicotine-related discrepancies (Fig. 2B) : the expressions of the pathway key genes Tnf, Tnfrsf1a, Ripk1, caspase8, and caspase3 as well as other closely linked regulatory elements cIap1, A20, and Trim27 were all significantly varied with nicotine treatment (Fig. 2C) . The results indicated that the TNF apoptotic pathway might be involved in the molecular mechanisms of the abnormal apoptosis in elongating spermatid by nicotine exposure.
Nicotine-Activated TNF Apoptotic Pathway in Testis
According to Onto-pathway analysis that the TNF pathway was involved in nicotine-associated apoptosis, the expressions of proteins involved in the pathway were detected by Western blot analysis, with GAPDH and lamin B1 used as the internal controls. Because RNAs in sperm might be spermatogenesisrelated residual transcripts during spermiogenesis, we investigated testis instead of sperm. Western blot results (Fig. 3, A  and B) showed that TNF-a (NT/CT ¼ 1.34-fold, P ¼ 0.001) was significantly elevated but not TNFR1 (NT/CT ¼ 1.07-fold). Ladders consisting of RIP1 (receptor-interacting protein kinase 1) and RIP1-(Ub) n (RIP1 ubiquitin modified proteins) were observed, in which RIP1 was significantly up-regulated by nicotine (NT/CT ¼ 1.49-fold, P ¼ 0.003) and was RIP1-(Ub) n . Cleaved-caspase8 (NT/CT ¼ 1.19-fold, P ¼ 0.031) and cleaved-caspase3 (NT/CT ¼ 1.20-fold, P ¼ 0.022) were also significantly increased. Besides, the TNF pathway was reported to be able to suppress apoptosis through inducing canonical NF-jB activation. However, no significant changes were observed in NF-jB (Supplemental Fig. S3 ). The expression levels of three E3 ubiquitin ligases (cIAP1, A20, and TRIM27) of RIP1 were examined, and the actual deubiquitinator (USP7) that functioned with TRIM27 in mediating RIP1 deubiquitination was also checked. We found that cIAP1 (cellular inhibitor of apoptosis 1) exhibited no significant changes (NT/CT ¼ 0.86-fold), while A20 (tumor necrosis factor, alpha-induced protein 3) was significantly down-regulated (NT/CT ¼ 0.66-fold, P ¼ 0.001). The 58 kD, but not 68 kD, isoform of TRIM27 (the tripartite motif 27) was significantly increased (NT/CT ¼ 1.22-fold, P ¼ 0.021) as was USP7 (ubiquitin specific peptidase 7) (NT/CT ¼ 3.18-fold, P ¼ 0.001).
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RT-PCR was performed to detect the expressions of target genes at the transcription level (Fig. 3, C and D) , and Gapdh and lamin B1 were used as the internal controls. The results showed that Tnf (NT/CT ¼ 1.97-fold,
, and Usp7 (NT/CT ¼ 1.48-fold, P ¼ 0.003) were significantly elevated by nicotine exposure, while A20 was down-regulated (NT/CT ¼ 0.28-fold, P ¼ 0.007). Caspase3 (NT/CT ¼ 1.09-fold) and cIap1 (NT/CT ¼ 0.85-fold) exhibited no significant changes. So the alterations were consistent with the protein level findings. Thus, biological experiments confirmed that nicotine could induce abnormal apoptosis via activating the TNF apoptotic pathway.
Because Trim27 plays its biological roles by shuttling to the cytoplasm and the nucleus, the expression and subcellular localization of Trim27 during spermatogenesis was investigated. An immunofluorescence analysis on the testis slices was performed in which lamin-B1 (FITC-conjugated) was used to mark the nuclear envelope (Fig. 3E) . As shown in Figure 3 , red-stained Trim27 displayed stage-specific expression and localization in the testis. It was expressed on the nuclear envelope of spermatocytes and in the cytoplasm as well as nucleus of spermatids. The expression of Trim27 also showed a significant elevation after nicotine treatment.
Nicotine Up-Regulated Trim27 Expression by Promoter Hypomethylation
DNA methylation is responsible for the regulation on the transcriptional level, so the methylated modifications of the regulatory proteins to the TNF pathway were explored. CpG island DNA methylation analyses were performed based on the following definition: CpG island is defined as a DNA sequence of at least 200 bp with over 50% GC content and over 0.6 observed/expected ratio of CpG dinucleotide.
Based on this, a CpG island that located upstream of the transcriptional start site of Trim27 was found (Fig. 4A) . We The data are presented as the mean 6 SD. *P , 0.05 and ** P , 0.01 are considered statistically significant.
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then investigated the DNA methylation of the CpG island near the Trim27 promoter by designing primers that flanked a 266 bp product fragment for BSP analysis. The sequencing information confirmed the presence of 11 CpG sites. Three mice from each group were then chosen to investigate methylation of the 11 CpG sites. The results showed that methylation level, that is, (number of methylated CpG)/ (number of CpG), in the CT group was 20.0% 6 1.4%, and significantly decreased (P ¼ 0.006) to 6.8% 6 1.1% in the NT group. Moreover, methylation occurred less frequently among the consecutive seventh to tenth CpG sites in the CpG island. This demonstrated that Trim27 underwent epigenetic activation after nicotine treatment.
To confirm the epigenetic regulation, 5-aza-2 0 -DC was used in GC-1 spg cells. Based on the results of methylation-specific and unmethylation-specific-PCR as shown in Figure 4 , B and C, low doses of 5-aza-2 0 -DC were able to change the methylation status of the CpG island near the Trim27 promoter. This change was accompanied by an increase of Trim27 mRNA (Fig. 4, B and D) and protein (Fig. 4, B and E) synthesis in the cells.
We also found that there were no CpG islands near the promoter of Tnf, cIap1, and Usp7. Although there are CpG islands near the promoter of Tnfr1, Rip1, and A20 (Supplemental Fig. S4 ), the BSP results (for the identity of the primers, see Supplemental Table S1 ) showed almost no methylated CpG in the three genes and no differences between the two groups. The results showed that Tnf-a, Tnfr1, Rip1, cIap1, A20, and Usp7, which correlated with the TNF pathway, were not epigenetically modified except for Trim27.
Trim27-Induced Apoptosis via TNF Apoptotic Pathway
TRIM27, the E3 ubiquitin ligase, has been reported to activate the TNF apoptotic pathway by up-regulating deubiquitinated RIP1 through forming a complex with USP7. To confirm the regulatory effect, TRIM27 overexpression and knockdown experiments were carried out in GC-1 spg cells, a murine cell line that exhibited characteristics of a stage between type B spermatogonia and primary spermatocytes. A pEGFP-N1-TRIM27 plasmid was constructed and transfected with Lipo-2000 for overexpression. A pEGFP-N1 plasmid was used as the control as well as a blank control group. Also, a siRNA was designed and transfected for knockdown, with siRNA-negative samples as the control.
The results of TRIM27 overexpression are shown in Figure  5 . As observed in Figure 5A , Western blot analyses revealed individual expression of EGFP (27 kD) and TRIM27 (58 kD) in the pEGFP-N1 group, and conjugated expression of EGFP-TRIM27 (85 kD) in the pEGFP-N1-TRIM27 group. The results show that the pEGFP-N1-TRIM27 plasmid was successfully constructed and worked normally after transfection. The expression level of TRIM27 was 0.87 6 0.02 (fold change relative to the blank group) in pEGFP-N1 group and 2.35 6 0.06 (fold change relative to the blank group) in pEGFP-N1-TRIM27 group (Fig. 5B) . Elevations in USP7 (1.14 6 0.04, P ¼ 0.05), deubiquitinated RIP1 (1.32 6 0.03, P ¼ 0.002), cleaved-caspase8 (1.07 6 0.02, P ¼ 0.023), and cleavedcaspase3 (1.10 6 0.03, P ¼ 0.019) in pEGFP-N1-TRIM27 group were observed compared to the pEGFP-N1 group. TUNEL assay was used to check the apoptosis level (Fig. 5D) in which the apoptosis level in the blank control group was 4.14% 6 0.58% and the apoptosis level in pEGFP-N1- 
RIP1 DEUBIQUITINATION IN SPERM APOPTOSIS
TRIM27 group (14.47% 6 0.77%) was significantly elevated (P ¼ 0.001) compared to the pEGFP-N1 group (4.50% 6 1.11%) (Fig. 5E) . The results showed that overexpressed TRIM27 could activate the TNF apoptotic pathway through up-regulating deubiquitinated RIP1 and result in excessive apoptosis.
The results of TRIM27 RNA interference are also shown in Figure 5 . The expression level of TRIM27 was 0.96 6 0.02 (fold change relative to the blank group) in the siRNA-negative control group and 0.67 6 0.03 (fold change relative to the blank group) in the siRNA group (Fig. 5, A and C) . Besides, down-regulation in USP7 (0.77 6 0.02, P ¼ 0.003), deubiquitinated RIP1 (0.59 6 0.05, P ¼ 0.006), cleavedcaspase8 (0.52 6 0.02, P ¼ 0.001), and cleaved-caspase3 (0.78 6 0.03, P ¼ 0.003) were observed in the siRNA group compared to the siRNA-negative control group. The apoptosis level detected by TUNEL (Fig. 5D ) revealed diminished apoptosis (P ¼ 0.027) in the siRNA group (3.12% 6 0.48%) compared to the control (4.52% 6 0.97%) (Fig. 5E) . The results displayed that the TNF apoptotic pathway was inactivate under conditions of low expression of TRIM27 and led to diminished apoptosis. In all, the results above confirmed that TRIM27, which functioned with USP7 in mediating RIP1 deubiquitination, could induce apoptosis via the TNF apoptotic pathway through up-regulating deubiquitinated RIP1, and the apoptosis level in GC-1 spg cells was positively correlated with the expression level of TRIM27.
DISCUSSION
In this study, we found that nicotine could promote apoptosis in male germ cells, especially in elongating spermatozoa. Sperm mRNA NGS results indicated that the TNF apoptotic pathway was activated, and we confirmed such activation did occur in the testis. Further analyses revealed that deubiquitinated RIP1, an important component of the TNF apoptotic pathway, was up-regulated. Moreover, DNA methylation analyses found that Trim27, the E3 ubiquitin ligase that activates TNF apoptotic pathway through up-regulating deubiquitinated RIP1, was overexpressed due to promoter hypomethylation. Furthermore, we verified that overexpressed TRIM27 could up-regulate deubiquitinated RIP1, leading to TNF apoptotic pathway activation and resulting in excessive apoptosis.
Epidemiological and clinical studies had shown that smoking was connected with declines in semen volume, sperm density, and sperm mobility [8] [9] [10] [11] . In this study, we verified that the apoptosis levels of testes were elevated after nicotine treatment through DNA ladder analysis. Unlike typical DNA ladder results obtained from cultured cell samples [35] , the images obtained from testes tissues exhibited only two clearly seen bands. This may be because the cell types in testes tissues are complex and the apoptotic cells at any time are relatively few, and thus the bands are too sparse to see. Besides, we found using the TUNEL assay that nicotine exposure mainly promoted apoptosis in elongating spermatid. The nucleus of the elongating spermatid is condensed; however, it becomes fractured when it undergoes apoptosis, just as observed in TEM image. In the presence of vacuoles in the apoptotic FIG. 6 . Model describing the mechanism by which TNF apoptotic pathway is regulated by nicotine in mouse germ cells. The promoter region of Trim27 is hypomethylated under nicotine exposure, which leads to overexpression of Trim27 (indicated by the red upward arrow). Trim27, which forms a complex with USP7, deubiquitinates RIP1-(Ub) n in TNF complex I, which thereafter facilitates TNF complex II formation and results in apoptosis. Meanwhile, TNF complex I-dependent NF-jB activation, mediated by polyubiquitin chains of RIP1 that was catalyzed by cIAP1, shows no significant differences. Besides, down-regulation of A20 (indicated by the black downward arrow), which is connected to RIP1-(Ub) n degradation, is consistent with the up-regulation of RIP1-(Ub) n .
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nucleus, the double-or single-strand breaks are possibly entirely exposed and so can be labeled in the TUNEL assay. Although a TUNEL-positive result may be detected in normal development of spermatid when histones are replaced with transition proteins and then protamines in stages IX-XII [36] , the relatively larger number of TUNEL-positive spermatids observed in stages I-VIII instead of stages IX-XII illustrate that the TUNEL-positive result are mainly reflection of apoptosis. In fact, TUNEL or a similar method had been used to check apoptosis in spermatozoa previously [37, 38] . Significant elevation in apoptosis is observed in certain stages of spermatogonia, spermatocyte, and elongating spermatid; however, no significant difference is observed in sperm concentration (Supplemental Table S2 ) in the study. The results indicate that the damage of nicotine to male fertility may be limited, and this makes sense because most offspring of smoking parents are as healthy as others in life.
Onto-pathway analyses of sperm mRNA sequencing results suggest that the TNF pathway is activated after nicotine exposure. Because transcription and translation are progressively switched off in spermatids [39] , the RNAs in sperm may be spermatogenesis-related residual transcripts during spermiogenesis. Thus, we investigated the pathway in the testis, which is upstream of sperm. Western blot and RT-PCR analyses confirm that the TNF apoptotic pathway is activated in the testis.
The TNF-signaling pathway is involved in apoptotic cell death during spermatogenesis [40, 41] , and TNF-a is a key factor in maintaining a hospitable niche in the testis [42] . TNF signaling is initiated upon TNF-a binding to TNFR1, which then recruits TRADD (TNFR1-associated death domain protein) [43] and triggers the formation of two complexes, complex I and complex II [44] . As shown in Figure 6 , membrane-associated complex I promotes cell survival through activating NF-jB, and cytoplasmic complex II induces cell apoptosis through cleavage of caspase8 [45] . The balance of the two complexes is closely connected to RIP1, an ubiquitination-modified protein [46] . RIP1-(Ub) n in complex I opens in three ways: the first is the assembly of a complex leading to NF-jB activation [47] , the second is targeted for degradation [47] , and the third is deubiquitination, resulting in complex II formation [25, 46] . In addition, cIap1, A20, and Trim27 are three E3 ubiquitin ligases that function, respectively, in the three pathways indicated above (Fig. 6) [25, 45] . Our finding of a scarcely changed expression of cIap1, which is connected to NF-jB activation [45] , is consistent with the little noted change observed in NF-jB. Also, the down-regulation of A20, which is related to RIP1-(Ub) n degradation [25] , can decrease the level of RIP1-(Ub) n being targeted for degradation, and this may be the cause of the elevated RIP1-(Ub) n levels seen in testis. It is clear that further studies on other E3 ubiquitin ligases involving ubiquitination-deubiquitination of RIP1 are required.
Trim27, also known as Rfp (the Ret finger protein), is a member of the TRIM family proteins defined by the RBCC motif [45] . Trim27 contains a nuclear export sequence and shuttles between the cytoplasm and the nucleus [48] , and this corresponds with its localization on the nuclear envelope of spermatocytes as observed. Alternations in the expression of Trim27 are positively correlated with the changes in deubiquitinated RIP1 and regulation of the TNF apoptotic pathway. Also, these correspond with a previous study that pointed out that Trim27, which forms a complex with USP7, promoted TNF-a-induced apoptosis through deubiquitinating RIP1 and such apoptosis was impaired in Trim27-deficient mice [45] . Apart from inducing TNF complex II-dependent apoptosis, TRIM27 also induces apoptosis through activation of JNK (June N-terminal kinase) [49] , suggesting another possible approach to nicotine-induced pro-apoptosis. Meanwhile, there is a significant correlation between the expression of Trim27 and the histological type of testicular germ cell tumors [50] , suggesting that nicotine may increase the incident of the tumors, another area that needs to be further investigated.
Extensive studies are required to make clear the epigenetic effects of nicotine on male fertility. Our work reveals that Trim27 is a novel DNA methylation-regulated gene, while Tnf, Tnfr1, Rip1, A20, Usp7, and cIap1 are not, although the expression of the latter was not changed. The overexpression of TRIM27 is caused by hypomethylation in the promoter region of Trim27 upon nicotine exposure. The methylation pattern of testicular DNA is distinctive and is believed to participate in retaining a specific chromosomal structure in male germ cells [51] . Sperm plays the role of a carrier that passes genetic and epigenetic information to the offspring [52] . Changes in the DNA methylation status in germ cells may impact the developmental processes of future generations, another area in which further studies are required.
Ubiquitination has essential roles in the establishment of spermatogonial stem cells and differentiating spermatogonia from gonocytes [53] . It also plays important roles in several key processes during meiosis, such as sex chromosome silencing and genetic recombination [54, 55] . Because the specificity for protein ubiquitination is determined by the specific E3 ubiquitin ligase that recognizes it, investigation into E3 ubiquitin ligases involved in modulating ubiquitinationdeubiquitination of specific proteins in testis provide important insights into the cellular mechanisms regulating spermatogenesis. Moreover, to understand how E3 ubiquitin ligases themselves are regulated is of equal importance. In this study, we found that Trim27, the E3 ubiquitin ligase that mediated deubiquitination of RIP1, was epigenetically activated in the testis, and this provides new insight into the regulation of E3 ubiquitin ligases. Overall, the present study provides a novel mechanism by which apoptosis is induced within the testis and may potentially lead to new insights into how ubiquitination and methylation function during spermatogenesis, which may further address problems in both human and animal reproduction.
